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Abstract

Oncolytic adenovirus (Ad) vectors present a promising modality to treat cancer. Many clinical 

trials have been done with either naked oncolytic Ad or combination with chemotherapies. 

However, the systemic injection of oncolytic Ad in clinical applications is restricted due to 

significant liver toxicity and immunogenicity. To overcome these issues, Ad has been engineered 

physically or chemically with numerous polymers for shielding the Ad surface, accomplishing 

extended blood circulation time and reduced immunogenicity as well as hepatotoxicity. In this 

review, we describe and classify the characteristics of polymer modified oncolytic Ad following 

each strategy for cancer treatment. Furthermore, this review concludes with the highlights of 

various polymer-coated Ads and their prospects, and directions for future research.
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1. Introduction

Cancer is responsible for about 25% of all deaths in the US, the second most common cause 

of death in the US, exceeded only by heart disease, and is a major public health problem in 

many parts of the world. Cancer is one of the most serious diseases and increasing at an 

alarming rate [1]. Invasive surgical operation and chemotherapy have been used to treat the 

cancer in the clinic. In spite of the advance in conventional cancer treatment, the overall 

survival rate of cancer patients is significantly low with unwanted adverse side effects. Thus 

new strategies are needed to provide better treatment for cancer. Moreover, the Agency for 

Healthcare research and Quality estimates that the direct medical costs (total of all health 

care costs) for cancer in the US in 2013 were $91 billion. As a result of these converging 

influences, we are at a crucial juncture where novel and advanced therapeutic approaches 

against cancer are solely needed.
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Adenoidal-pharyngeal-conjunctival virus, now named as an adenovirus (Ad) was first 

discovered by Wallace Rowe and his colleagues in 1953. Following cytopathogenic effects 

of Ad in tissue culture, the Ad was used in a clinical trial for the treatment of cervical cancer 

in 1956. After the first clinical gene therapy in 1989, the number of gene therapy clinical 

trials using an Ad vector worldwide has reached 496 in 2015 —ranking the first place 

(22.5% of all cases including viral & non-viral vectors) (http://www.wiley.co.uk/genmed/

clinical/). Ad vector itself has many outstanding advantages, like an efficient nuclear entry 

mechanism and high gene transduction efficiency. However, the efficacy and duration of 

transgene expression with replication-incompetent Ad are limited. Here, cancer-specific 

replicating Ad (oncolytic Ad) is emerging as a promising new modality for cancer treatment. 

Oncolytic Ad has the improved efficacy over replication-incompetent Ad and the enhanced 

expression of therapeutic gene with diminished potential side effects caused by undesired 

expression of therapeutic gene in normal tissue (Fig. 1).

During two decades, the oncolytic virus has been evolved to generate advanced therapeutic 

efficacy (Table 1). Most clinical and preclinical studies have focused on oncolytic virus 

modifications, providing improvements on tumor transduction, tumor targeting, cancer-

specific replication, intratumoral dissemination, and modulation of antiviral and antitumor 

immune responses as well as arming with transgenes [2]. Especially, armed oncolytic virus 

and hybrid engineering of oncolytic virus promise an emerging approach in cancer 

treatment. The virotherapy using oncolytic Ad has been widely used in clinical applications 

due to the high titers that can be achieved, ability to insert larger size of therapeutic genes, 

and high transduction efficiency in dividing and non-dividing cells. Importantly, when 

oncolytic Ad replicates, they do not integrate their genome into host, therefore oncolytic Ad 

does not induce mutagenesis related with oncogene. These unique features give oncolytic 

Ad potency as gene carrier and increase safety than other oncolytic viruses such as oncolytic 

retro-, lenti-, and adeno-associated virus [3,4].

For the therapy in cancer patients, no oncolytic virus is currently licensed by the US Food 

and Drug Administration and the European Medicines Agency yet (http://www.fda.gov/

Drugs, http://ema.europa.eu). In the preclinical and clinical level, Ad is the most extensively 

investigated oncolytic virus [39–41]. Especially, the Chinese State Food and Drug 

Administration approved a recombinant Ad encoding human tumor suppressor gene p53 

(rAd-p53, Gendicine) in 2003 and a recombinant oncolytic Ad (H101, Oncorine®) for 

combination treatment with chemotherapy in refractory head and neck cancer patients.

Here, we summarized the recent clinical trials of oncolytic Ad therapy (Table 2). Most phase 

I clinical trials of oncolytic Ad demonstrated mild, manageable, and transient vector-related 

toxicities, which is crucial factor for moving on to next phase clinical trials. Moreover, 

advanced clinical trials of oncolytic Ad have proved clinical responses in tumors that are 

resistant to chemotherapy or radiotherapy and have distant metastasis [42]. Early clinical 

trial of oncolytic Ad was evaluated with the administration of oncolytic Ad-alone. In 

localized prostate cancer phase I clinical trials, CG7870, expressing E1A under control of 

the rat probasin promoter and E1B under control of the prostate-specific antigen (PSA) 

promoter–enhancer, and the E3 region genes observed no partial or complete PSA responses 

[43,44]. Also the intravesical instillation of CG0070 is being studied as a standalone therapy 
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in bladder cancer patients who failed BCG-based immunotherapy [45]. Recently, combined 

oncolytic Ad and chemotherapy could convey stronger anti-tumor effects by providing 

synergistic mode of actions by oncolysis and chemotherapeutic mechanism, potentially 

attenuating cancer cell resistance to virotherapy or chemotherapy [37,38]. GM-CSF coding 

capsid chimeric Ad, CGTG-102 moves on to the phase I for advanced solid tumors, alone or 

in combination with cyclophosphamide chemotherapy [40,46]. In a phase III clinical trial, 

Ad5/3-D24-GMCSF showed efficacy in melanoma patients refractory to other forms of 

therapy [47]. Ad-OC-TK/VAL is the first in vivo Ad gene therapy used to treat bone 

metastasis in prostate cancer patients, suggesting potential benefit of combined treatment 

with docetaxel-based chemotherapy for hormone-refractory metastatic prostate cancer 

[48,49]. About 50% of all human cancers and over 90% of patients with small cell lung 

cancer have altered p53 tumor suppressor gene function. Also, dendritic cells are the most 

potent antigen presenting cells, then most effective in inducing a primary anti-p53 cytotoxic 

T lymphocytes response. 78.6% of Ad.p53-DC (INGN-225) patients showed positive 

immune response, followed by better clinical response to second-line chemotherapy and a 

trend towards improved survival [50]. Ad with 2 cytotoxic gene systems of cytosine 

deaminase (CD)/5-fluorocytosine (5-FC) and herpes simplex virus thymidine kinase (HSV-1 

TK)/valganciclovir (vGCV) has treated the prostate cancer patients, which makes malignant 

cells sensitive to specific pharmacological agents (cytotoxic gene therapy) and improves the 

effectiveness of radiation therapy by radiosensitization [51]. This multimodal biological 

approach to improve the effectiveness of radiation therapy reported a clinically meaningful 

reduction in positive biopsy results at 2 years in men with intermediate-risk prostate cancer 

[51]. DNX-2401 (Ad-Δ24) and ICOVIR® (Ad-Δ24-RGD), engineered to replicate only in 

cells with altered retinoblastoma 1 signaling pathway are being studied in patients with 

advanced melanoma or other solid tumors as a standalone therapy as well as in patients with 

recurrent glioblastoma, combined with interferon Gamma or Temozolomide [19,45,52]. 

VCN-01, Ad expressing human sperm adhesion molecule 1 (SPAM1, PH20 hyaluronidase) 

is being tested in patients with advanced pancreatic cancer or other solid tumors [45]. See 

Tables 3 and 4.

In recent clinical trials, combined oncolytic Ad and chemotherapy could convey stronger 

anti-tumor effects by providing synergistic effects by oncolysis and chemotherapeutic 

mechanism, potentially attenuating cancer cell resistance to virotherapy or chemotherapy 

[37, 38]. Deeper understanding of complex interactions and molecular mechanisms between 

the oncolytic Ad, adjuvant chemotherapy or radiation therapy, and tumor must be followed 

the pros and cons of cancer therapeutics. Also, the consideration for delivery route and 

delivery method of simultaneous, consequent, or repeated administration with conventional 

therapy must be taken.

Most of human clinical trials of oncolytic Ad have been limited to local treatment of head 

and neck cancer, glioblastoma, and melanoma (Table 2). However, systemic administration 

of oncolytic Ad is required for efficacious treatment of both primary and metastatic cancer. 

Systemic delivery of oncolytic Ad still needs to overcome three major hurdles that limit its 

clinical application. First, Ad induces strong innate immune response by interacting with 

macrophages and dendritic cells which results in production of proinflammatory cytokines 
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and chemokines such as interleukin-6 (IL-6), tumor necrosis factor-α, and interferon γ 

inducible protein-10 [66–68]. Second, adaptive immune response induced by pre-existing 

anti-Ad neutralizing antibody (Ab) in the host [69,70]. To this end, individuals who 

previously have been exposed to Ad produces neutralizing anti-Ad Abs, resulting in rapid 

clearance of oncolytic Ad which limits Ad’s therapeutic efficacy. Third, nonspecific liver 

sequestration of systemically administered oncolytic Ad leads to hepatotoxicity [71,72]. 

These hurdles are caused by nonspecific interaction of oncolytic Ad’s capsid protein, such 

as hexon, penton base, and fiber, with the host environment. Thus, polymers and other 

nanomaterials can be used to mask the Ad capsid which can reduce anti-viral immune 

response, nonspecific liver trafficking, and increase the tumor accumulation of Ad. This 

review will focus on recent advancements in oncolytic Ad/polymer platform that address 

some of the critical challenges faced by oncolytic Ad as well as enhancement in therapeutic 

efficacy and safety of hybrid vector system.

2. Oncolytic Ad complexed with polymers via chemical conjugation

The major purpose of the Ad complexed with polymer is to increase transgene expression, 

provide protection from the host antiviral immune system, and target the tumor tissues. 

There are two strategies for surface modification of oncolytic Ad with polymers; chemical 

conjugation and physical engineering through electrostatic interaction (Fig. 2). These two 

strategies facilitate evasion of anti-viral immune responses as well as cancer-specific 

accumulation of Ad [73].

Covalent chemical conjugation of polymer to Ad surface can occur through either cross-

linker or direct conjugation [74–76]. There are approximately 1800 free amines on the viral 

surface (hexon, penton, and fiber protein) and they can be reacted with polymers. Direct 

conjugation modifies several hundred amino acids located on the capsid through single step 

and can be accomplished more easily than genetic engineering of Ad capsid. Moreover, 

chemically conjugated oncolytic Ad has high serum stability, enhanced blood circulation 

time, and ultimately reduced unwanted interactions with blood components, resulting in 

increased tumor accumulation through enhanced permeability and retention (EPR) effect. In 

the following sections, various polymer-conjugated Ad complexes will be discussed.

2.1. PEGylation of oncolytic Ad

Initially, poly(ethylene) glycol (PEG) was first chemical to be extensively researched to 

generate ‘stealth Ad’ system [74]. PEG is a linear synthetic polymer composed of repetitive 

CH2CH2O subunits. It is a hydrophilic molecule that has neutral charge, non-immunogenic 

property, and negligible cytotoxicity. PEG has been widely researched as a delivery vehicle 

for therapeutic peptides and proteins in biomedical applications [77–79]. The covalent 

conjugation of PEG with proteins or peptides significantly reduces immunogenicity and 

antigenicity, and increases solubility while maintaining bioactivity as well as serum stability 

in vivo [80]. PEGylation of Ad prolongs blood circulation and minimizes non-specific 

uptakes by macrophages and hepatocytes, resulting in increased tumor-specific 

accumulation and safety [75,81].
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Doronin et al. examined the hepatotoxicity and therapeutic efficacy of PEGylated oncolytic 

Ad using 5-kDa and 20-kDa PEG [82]. Cancer cell killing efficacy of PEGlyated oncolytic 

Ad increases with increasing molecular weight of the PEG. Only 20-kDa PEG conjugated 

oncolytic Ad markedly reduced hepatocyte transduction and hepatotoxicity than naked 

oncolytic Ad after systemic injection. In detail, biodistribution of Ad in prostatic and 

hepatocarcinoma xenograft tumor models demonstrated that PEGylation with 20-kDa PEG 

reduced liver uptake by 19- or 90-fold compared with naked oncolytic Ad or 5-kDa 

PEGylated Ad, respectively. 20-kDa PEGylated oncolytic Ad increased median survival of 

xenograft-bearing mice by 14 to 31 days in comparison to naked oncolytic Ad-treated mice 

likely due to passive tumor targeting through EPR effect. The higher molecular weight of 

20-kDa PEG likely shields larger area of the Ad surface thereby preventing Ad’s interaction 

with Kupffer cells in the liver, resulting in decreased hepatotoxicity. These results indicate 

that conjugation of Ad with high molecular weight PEG can play a pivotal role in increasing 

anti-tumor efficacy and reducing the hepatotoxicity by efficiently masking Ad’s capsid, 

resulting in enhanced survival and therapeutic benefits.

2.2. Arginine-grafted bioreducible polymer (ABP)-conjugated Ad

Despite this evidence demonstrating enhanced safety and efficacy by PEGylated Ad, there 

are known limitations when compared with naked Ad. 1) The polymer monolayer of PEG is 

permanently linked to the viral vectors which can interfere between adenoviral fiber and 

cellular receptor, resulting in reduced transduction efficacy. 2) Neutral surface charge of the 

complex impedes internalization into negatively charge cellular membrane, resulting in 

decreased cellular uptake. To this end, enzymatically cleavable linkers and cationic 

polymers have been studied to overcome these obstacles. In this regard, Kim et al. generated 

Ad conjugated with positively charged arginine-grafted bioreducible polymer (ABP) [76]. 

Arginine, frequently used as a cell penetrating peptide, has been grafted onto bioreducible 

backbone, and it greatly improves the cellular transduction of Ad. Moreover, bioreducible 

backbone containing disulfide bridge easily degrades and releases the viral vector in the 

cytoplasm. Thus, conjugation with ABP can lead to higher transduction efficiency and lower 

cytotoxicity. Ad/ABP showed significantly higher transgene expression than naked Ad in 

both CAR-positive and -negative cells, implying Ad/ABP is internalized independently of 

Ad capsid and CAR. Hepatoma-specific oncolytic Ad (YKL-1001) conjugated with ABP 

enhanced Ad-mediated hepatoma cell killing than either naked YKL-1001 or YKL-1001-

DTSSP, indicating that covalent conjugation of ABP does not affect the bioactivity of 

YKL-1001. ABP-conjugated YKL-1001 induced less innate and adoptive immune response, 

prolonged blood circulation time, decreased liver accumulation, and exhibited strong anti-

tumor efficacy when systemically administered in comparison to naked YKL-1001. These 

results demonstrate that Ad/ABP is efficient hybrid hepatoma cancer-specific vector that can 

enhance accumulation in hepatoma via EPR-mediated tumor accumulation.

Polymer conjugated oncolytic Ad can be engineered easily and exhibits high serum stability, 

resulting in high therapeutic benefits due to reduced host anti-viral immune response and 

increased tumor accumulation.
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3. Oncolytic Ad coating with polymer via electrostatic interaction

The backbone of cationic polymers contains positively charged amine groups. Cationic 

polymers and anionic surface of Ad can form Ad/polymer complex through electrostatic 

interaction. Ad/polymer complex with net cationic surface charge exhibits increased cellular 

uptake and transgene expression of Ad [83]. Additionally, these cationic polymers possess 

tertiary and secondary amines with high buffering capacity, which facilitate effectively 

escape from the endosomes and release the virus into the cytosol via the “proton sponge 

effect” [84]. This strategy has several benefits, such as the easy manipulation of molecular 

weight and bio-functional group for enhancing anti-cancer efficacy. It is easy and 

straightforward to generate the Ad/polymer complexes without chemical reaction. However, 

the main disadvantage of this technique is its non-specific uptake in cells due to the highly 

positive surface charge, resulting increase cytotoxicity. Ad/polymer complex can rapidly 

dissociate in the blood stream after intravenous injection due to the negatively charged 

serum protein, which has a strong interaction with the positively charged polymer. Certain 

serum proteins can be adsorbed on the Ad/polymer surface, triggering nonspecific 

interactions between polymer and the membrane receptors of macrophages and monocytes 

[85].

3.1. Recent engineered poly(ethyleneimine) (PEI)-coated Ad

This electrostatic complexation strategy facilitates conjugation of functional peptide or 

cholesterol. Furthermore, electrostatic interaction between Ad and polymer can occur in 

aqueous buffer without cross-linkers and additional preparation. Importantly, Ad/polymer 

complex maintains its viral activity and intracellular trafficking while transduction 

efficiency is enhanced through increased membrane binding affinity due to cationic charge 

of the complex. Among the various cationic polymers that have been developed, PEI (25 

kDa) is used as the ‘gold standard’ due to its high transgene expression. However, its 

clinical application is limited by its systemic cytotoxicity and low serum stability. Therefore, 

non-toxic polymers (PEG) or cholesterol have been used to modify PEI [86–88] to reduce its 

toxicity. Alternatively, several bioreducible PEIs have been developed and researched 

[89,90]. Bioreducible PEI, which carries a disulfide moiety in the block copolymer, can 

degrade into monomers in the cytoplasm and release the viral vector. These fragments are 

easily excreted from the body, resulting in low systemic cytotoxicity. Choi et al. developed 

low molecular weight PEI multi cross-linked to bioreducible disulfide cystamine core (rPEI) 

[91]. Ad expressing short hairpin RNA against c-Met mRNA was complexed with rPEI (Ad/

rPEI) showed higher transduction efficiency than Ad/25 kDa PEI in both CAR-positive and 

-negative cancer cells. Ad/rPEI exhibited higher cancer cell killing effect, viral production, 

and suppression of Met and VEGF level than naked Ad. Recently, Lee et al. demonstrated 

that Ad complexed with bile acid-conjugated PEI (DA3) increases transduction efficiency in 

both CAR-positive and -negative cancer cells than naked Ad [92]. The cellular uptake 

mechanism revealed that Ad/DA3 was not internalized through CAR-mediated endocytosis 

and it rather involved clathrin-, caveolae-, and macropinocytosis-mediated endocytosis. 

Moreover, VEGF inhibitory gene (KOX) expressing-oncolytic Ad complexed with DA3 

(KOX/DA3) complex showed significantly improved therapeutic effects compared with 

naked KOX in HT1080 tumor xenograft model. The potent antitumor efficacy of the 
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KOX/DA3 complex can be attributed to active replication and amplification of KOX which 

selectively decreased angiogenesis in the tumor tissues.

3.2. Polyamidoamine (PAMAM) dendrimer-coated Ad

Tomalia et al. first reported the synthesis and characterization of PAMAM dendrimers using 

ammonium or ethylene diamine as a core molecule [93]. Dendrimers are symmetric, highly 

branched, synthesized to high generation, and thus it has been investigated as an efficient 

non-viral carrier [94,95]. Gruanwald et al. examined sodium iodide symporter (NIS)-

expressing oncolytic Ad coated with PAMAM G5, which demonstrated enhanced 

transduction efficacy in CAR-negative cells and protection against neutralizing Abs [96]. 

Biodistribution result using 123I scintigraphy demonstrated significantly reduced transgene 

expression and toxicity in the liver by systemically delivered dendrimer-coated Ad5-

CMV/NIS whereas transgene expression was enhanced in tumor tissues. These results 

demonstrate efficient liver detargeting and enhanced tumor targeting by PAMAM-coated 

oncolytic Ad, which exploits the synergies between oncolytic virotherapy and NIS-mediated 

radiotherapy.

3.3. Biodegradable/reducible polymers-coated Ad

Recently, Kim et al. assessed therapeutic efficacy and safety of systemically administered 

biodegradable methoxy poly(ethylene glycol)-b-poly{N-[N-(2-aminoethyl)-2-aminoethyl]-

L-glutamate} (PNLG) polymer-coated oncolytic Ad (Ad-ΔB7-U6shIL8) [97]. The PNLG-

coated GFP-expressing Ad complex showed increased transgene expression in both high and 

low CAR-expressing cells than naked Ad, Ad/ABP, or Ad/bPEI. Furthermore, oncolytic Ad 

coated with PNLG (Ad/PNLG) demonstrated greater cancer killing effect in vitro than Ad, 

Ad/ABP, or Ad/PEI. Furthermore, enhanced tumor accumulation was observed by Ad/

PNLG when compared with naked Ad and Ad/ABP, respectively. Tumor-to-liver ratio of 

Ad viral particles in Ad/PNLG-treated mice was 1229-fold higher than mice injected with 

naked Ad or Ad/ABP. Ad/PNLG showed markedly reduced innate and adoptive immune 

responses than cognate controls. These results indicate that the Ad complexed with 

biodegradable PNLG polymer increased transduction efficiency, cancer killing ability, and 

decreased both innate and adoptive immune responses in malignant tumor cells with low or 

ablated CAR expression.

More recently, Jung et al., demonstrated how oncolytic Ad (DWP418) complexed with 

cationic polymers containing arginine moieties capable of facilitating cell entry can 

transduce both CAR-positive and -negative cells [98]. The mPEG-PEI-g-Arg-S-S-Arg-g-

PEI-mPEG (PPSA) contains both bioreducible disulfide bond and dual arginine functional 

moieties to reduce cytotoxicity and enhance transduction efficacy, respectively. The 

intratumoral delivery of DWP418/PPSA elicited more potent anti-tumor responses in CAR-

negative MCF7 xenograft mice compared with naked DWP418 or DWP418/ABP. Innate 

immune response and production of Ad-specific neutralizing Abs were significantly reduced 

in the DWP418/PPSA-treated mice compared with DWP418-treated group. The 

immunohistochemical analysis demonstrated that viral replication and oncolytic Ad-induced 

apoptosis occurred preferentially in tumor tissues. Together, these results suggest that 
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bioreducible and biodegradable polymer-coated Ads induce cancer cell-specific cytolysis by 

oncolytic Ad through systemic delivery treating disseminated tumors.

However, oncolytic Ad modified with cationic polymer has several limitations in clinical 

translation. Targeting cancer cells within the tumor tissues is not always feasible as some 

nanocomplex cannot diffuse efficiently and positive charged Ad/polymer complex can enter 

normal tissues or interact with RES, resulting in poor tumor targeting [99,100].

4. Tumor targeting by oncolytic Ad/polymer

One way to overcome the limitations of passive targeting is to introduce affinity ligands to 

the surface of a polymer, which can provide high binding affinity between the ligand-

conjugated polymer and unique receptor overexpressed on the surface of cancer cell 

membrane (Fig. 3) [101,102]. The backbone of polymer conjugated with a specific tumor-

homing moiety such as an antibody, antibody fragment, peptide, aptamer, or polysaccharide 

can considerably increase selectivity and efficiency of nanocomplex’s accumulation within 

targeted tumor cells [103–106]. In order to achieve high tumor specificity, targeted receptors 

should be highly expressed on tumor cells, but not on normal cells. Moreover, multiple 

factors, such as size and stability of nanoparticles as well as the density and affinity of the 

targeting moiety, are critical to development of efficient cancer targeting vector [107].

4.1. Oncolytic Ad complexed CD-PEG-cRGD

Bioreducible cyclic RGD conjugated poly(cystaminebisacrylamine-diaminohexane) 

[poly(CBA-DAH) (CD)] has been investigated as a polymeric carrier for tumor-targeted 

oncolytic Ad delivery [108]. CD has lower cytotoxicity than 25 kDa PEI due to disulfide 

bond which can be easily cleaved by glutathione into innocuous small molecules when 

exposed to the reductive environment in the cytoplasm. A cyclic RGD peptide is well known 

as an active targeting moiety for anti-angiogenic gene therapy in tumor [109]. This RGD 

ligand can recognize and bind with αvβ3 and αvβ5 integrin receptors, which are 

overexpressed in sprouting tumor vessels and most tumor cells, with high specificity. The 

oncolytic Ad complexed with cRGD-conjugated CD polymers showed enhanced tumor-

specific transduction and greater cancer cell-killing efficacy in a dose-dependent manner 

when compared with naked oncolytic Ad. Furthermore, a competition assay using anti-CAR 

or anti-integrin Abs revealed that both CAR and integrin were required for naked Ad to 

infect and replicate in the cancer cells, but only integrin was needed for effective 

transduction by oncolytic Ad/CD-PEG-cRGD complex. Cancer cells treated with oncolytic 

Ad/CD-PEG-cRGD also showed high levels of apoptosis and necrosis as well as decreased 

IL-8 and VEGF level. Significant tumor-growth inhibition of the polymer-shielded Ad was 

observed in lung orthotopic tumor model [110]. The shielding effect of the Ad surface with 

the bioreducible CD-PEG-cRGD polymer allowed evasion of anti-viral immune responses 

and reduction of hepatotoxicity. Interestingly, CD-PEG2000 Da-cRGD, 2 kDa molecular 

weight of PEG introduced between CD and cRGD coated oncolytic Ad injected tumor 

bearing mice showed higher anti-tumor efficacy than CD-PEG500 Da-cRGD coated oncolytic 

Ad, implying that higher molecular weight of PEG could prong blood circulation and 

accumulation in the tumor tissues. Together, these results suggest that the infection pathway 

of CD-PEG-cRGD-complexed Ad is exclusively regulated by the interaction between 
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integrins and tumor homing peptides, cRGD, and CD-PEG-cRGD could be utilized for 

efficient cancer therapy.

4.2. Her2/neu specific targeting with oncolytic Ad conjugation with Herceptin

Her2/neu is a human EGF 2 receptor that is known to be overexpressed in breast cancer 

patients [111]. Constitutive activation of Her2/neu led to oncogenesis in these cancers, and 

drugs that block Her2/neu signaling cascade, such as trastuzumab and lapatinib, are in 

clinical use [112,113]. Trastuzumab (Herceptin; HER), a Her2/neu-specific monoclonal 

antibody, is also widely used to treat both metasta-tic breast cancer in clinical settings. Kim 

et al. covalently conjugated PEG to oncolytic Ad (DWP418) using a bioreducible cross-

linker, and subsequently conjugated the Herceptin antibody to the end terminals of PEG for 

Her2/neu-targeted cancer gene therapy [114]. Systemic injection of Ad-PEG-HER 

prolonged blood circulation time by 16-fold compared to the naked Ad. Her2/neu-

overexpressed SKOV3 and MDA-MB435 xenograft tumor models treated with DWP418-

PEG-HER elicited greater antitumor activity than that of naked DWP418 or DWP418-PEG. 

However, DWP418-PEG-HER-treated Her2/neu-negative MCF7-mot xenograft tumors had 

similar anti-tumor efficacy compared to DWP418-PEG. The tumor-to-liver ratio for 

DWP418-PEG-HER was 1010-fold greater than naked DWP418 in Her2/neu-positive 

tumors, demonstrating that Herceptin-conjugated PEG actively targeted the tumor tissues 

leading to enhanced intratumoral accumulation. Together, these results clearly demonstrate 

that the enhanced anti-tumor activity and tumor specific killing efficiency of DWP418-PEG-

HER tumors depend upon retargeting of the Ad/polymer to the tumors through specific 

interaction between Herceptin and Her2/neu on the cell surface.

4.3. Folate receptor overexpressed cancer therapy with oncolytic Ad/chitosan PEG-FA

Folate receptor is widely overexpressed on the surface of cancer cells and has been targeted 

by folic acid (FA)-conjugated carriers [115]. Recently, GFP-expressing replication-

incompetent Ad cross-linked with chitosan–PEG–FA complex was generated through a high 

capacity encapsulation process known as electrospinning [116,117]. The Ad/chitosan–PEG–

FA successfully coated Ad without reducing its biological activity or infectivity. Moreover, 

the blood clearance assay results revealed 48.9-fold enhanced blood retention time for the 

oncolytic Ad/chitosan–PEG–FA compared to naked oncolytic Ad. Furthermore, immune 

response was markedly reduced due to PEGylation and tumor-to-liver ratio of Ad/chitosan–

PEG–FA was significantly greater than naked Ad. Moreover, the oncolytic Ad/chitosan–

PEG–FA elicited a more potent antitumor efficacy than the oncolytic Ad/chitosan–PEG. 

These results demonstrated that the efficacy of active tumor targeting is more effective than 

EPR-mediated passive tumor targeting system.

4.4. EGFR specific targeting with oncolytic Ad/PAMAM-GE11

Epidermal growth factor receptor (EGFR), a family of receptor tyro-sine kinase proteins, 

such as EGFR, HER2/erbB2, and HER3/erbB3, are overexpressed in various tumors of 

epithelial origin. EGFR is continually activated in cancer cells resulting in signal cascades 

that lead to cell growth, drug and radiation resistance, and ligand-independent activation 

[118]. Thus, anti-EGF Abs or EGFR targeted peptides have been used as an attractive 

targeting ligand for various diagnostic and therapeutic nanoparticles due to its high affinity 
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binding to EGFR and subsequent cellular internalization by receptor-mediated endocytosis 

[119]. Grünwald et al. developed an EGFR targeting peptide, GE11-conjugated PAMAM 

dendrimer-coated oncolytic Ad complex for selective treatment of EGFR-overexpressing 

tumor cells [120]. 123I scintigraphy after intravenous injection of the dendrimer-coated 

oncolytic Ad revealed attenuated hepatic transgene expression. Moreover, significant and 

tumor-specific enhancement in anti-tumor efficacy was observed following systemic 

delivery of oncolytic Ad/PAMAM-GE11 that was further increased by additional treatment 

with a therapeutic dose of 131I. These results suggest that retargeting of Ad to specific cells 

can be achieved by conjugating a cell-specific targeting ligand to the polymer complexed 

with Ad.

In summary, these results demonstrate that oncolytic Ad complexed with various polymers 

that have a targeting moiety may overcome the obstacles of conventional oncolytic Ad 

vectors, such as hepatotoxicity, immunogenicity, and short blood circulation time, while 

enhancing intratumoral accumulation through active and passive targeting.

5. Tumor microenvironment targeting

To overcome lack of tumor-specificity of hybrid vectors, many studies utilized targeting 

moiety conjugated-polymer for complexation with Ad. However, cancer is heterogeneous in 

cell morphology, phenotype, antigen expression, and inherent or acquired drug resistance. 

For example, the HER2/neu receptor is only overexpressed in 20 to 30% of breast cancer 

patients; therefore, the active targeting moiety-conjugated Ad/polymer based platform 

strategy is ineffective for treating all cancer types. To improve this approach, recently 

several studies developed a tumor microenvironment targeting strategy that utilizes pH 

sensitive polymers to target acidic tumor microenvironment [121,122].

In stimuli-responsive delivery systems, the anticancer gene or drug can be released by a 

certain unique stimulus of tumor microenvironment, such as pH, glucose, and temperature 

[123]. Among all utilized stimuli, acidic pH status of the internal tumor has been considered 

as an ideal trigger for the tumor-selective release of anticancer drugs as pH of both primary 

and metastasized tumors is lower than that of normal tissue. To this end, tumor extracellular 

pH values of most solid tumors range from pH 6.5 to 7.2 [124]. Lower pH of the tumor 

microenvironment has been most utilized stimuli in stimulus-sensitive polymeric nano 

carriers. The pH sensitive polymer may be designed and engineered to display tunable 

property pH sensitivity and controlled release by the introduction of ionizable amino groups 

onto the backbones [125]. The pH-sensitive polymer is stable at a physiological condition, 

yet it can be destabilized in acidic tumor microenvironment to facilitate the release of loaded 

drugs or gene (Fig. 4).

In this regard, Moon et al. demonstrated specialized oncolytic Ad/polymer hybrid vectors 

that take advantage of specific tumor microenvironment property including the tumor’s 

extracellular pH, resulting in tumor specific delivery of oncolytic Ad [121]. The newly 

designed and synthesized pH-sensitive polymer with bioreducible disulfide bond (mPEG-

PiP-CBA; PPCBA) and pip of polymer backbone can be protonated under acidic conditions 

resulting in a charge reversal from negative to positive. This charge reversal enhanced 
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cellular uptake and release of oncolytic Ad at the tumor site resulting in greater cellular 

uptake and killing efficacy at pH 6.4 than pH 7.4. Moreover, intratumorally and 

intravenously injected oncolytic Ad (RdB/shVEGF)-PPCBA nanocomplexes elicited 

significantly higher anti-tumor efficacy than naked RdB/shVEGF in U87 tumor xenograft 

models in mice. These results demonstrate the feasibility of pH-sensitive polymer-coated Ad 

system to be widely applied to treat solid tumors that are known to have an acidic tumor 

microenvironment.

Recently, Choi et al. investigated tumor microenvironment specific targeting with oncolytic 

Ad complexed with the pH-sensitive block copolymer, and methoxy poly(ethylene glycol)-

b-poly(L-histidine-coLphenylalanine) (PEGbPHF) [122]. Poly(L-histidine) (pHis) is a 

promising pH-sensitive polybase for stimuli-responsive polymeric carrier due to the 

imidazole ring of its backbone. At a neutral pH of 7.4, most of the imidazole in the pHis 

block are not ionized. Conversely at pH 7.0 or lower, the electrons on the unsaturated 

nitrogen of imidazole ring are protonated and becomes highly cationic. This pH-dependent 

amphoteric property to the molecule by reversible protonation–deprotonation is ideal 

attribute for pH sensitive polymeric carrier. pH-dependent change in particle size and 

surface charge was observed by PEGbPHF coated Ad. The transduction efficiency of Ad/

PEGbPHF increased in both CAR-positive and -negative cancers under acidic environment. 

The oncolytic Ad expressing VEGF promoter-targeting transcriptional repressor (KOX)/

PEGbPHF complex significantly attenuated VEGF expression, cancer cell migration, and 

aorta sprouting at pH 6.4 than pH 7.4, suggesting KOX/PEGbPHF showed pH dependent 

therapeutic efficacy. The antitumor efficacy of systemically delivered KOX/PEGbPHF in a 

tumor xenograft model was significantly higher than that of naked KOX. Furthermore, 

KOX/PEGbPHF exhibited lower hepatotoxicity and immunogenicity. Taken together, these 

results demonstrate that KOX/PEGbPHF-coated oncolytic Ad complex increases net 

positive charge upon exposure to acidic tumor microenvironment, allowing efficient 

intratumoral accumulation of the complex.

Taking advantages of the acidic tumor microenvironment, pH-sensitive polymer coated 

oncolytic Ads have made a significant impact on tumor specific delivery. These pH-

sensitive vectors can overcome certain limitations of the receptor-targeting delivery systems. 

Multi-functional polymer which combines active targeting and pH-sensitive targeting 

strategies can be a promising approach which could be addressed in future studies. In 

conclusion, pH-sensitive polymer complexed oncolytic Ads have been emerging as a 

fascinating field for precise cancer specific targeting delivery in the foreseeable future.

6. Conclusion

We highlighted recent advances in the modification of oncolytic Ad with diverse polymers 

for cancer gene therapy. Clinical trials of oncolytic Ad have demonstrated that it is feasible 

and safe for the cancer treatment in human, but its therapeutic efficacy is insufficient to 

ensure complete remission. To overcome existing shortcomings of viral vector-based gene 

therapy, a variety of polymer-based oncolytic Ad hybrid vector systems have been 

investigated. The chemical conjugation of polymers to oncolytic Ad enhanced stability and 

successfully protected the oncolytic Ad from innate and adaptive immunity. Furthermore, 
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the polymer-coated oncolytic Ad through an electrostatic interaction increased the 

transduction efficiency as well as tumor-specific accumulation via passive targeting 

promoted by the EPR effect. Polymer can also be used as a linker to conjugate the targeting 

ligand to the surface of oncolytic Ad, resulting in tumor-specific delivery and gene 

expression of oncolytic Ad. Above all, thorough and tailored strategies of oncolytic Ad/

polymer will be necessary for its future application in human clinical trials. Further 

developments in the multifunctional biomaterial and bioengineering technology can provide 

better biodegradable vehicles and finally improve the safety and therapeutic efficacy of 

oncolytic Ad for cancer gene therapy.
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Fig. 1. 
Schematic diagram of the cancer cell-specific killing of oncolytic adenovirus (Ad). 

Oncolytic Ad can replicate and destroy cancer cells by cancer-specific oncolysis while 

sparing normal cells.
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Fig. 2. 
Overview of strategies used for surface modification of Ad. The free amines on the viral 

surface can be easily reacted with functional polymers (top). Ad coated with a cationic 

polymer effectively interacts with the negatively charged Ad surface (bottom).
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Fig. 3. 
Active targeting of oncolytic Ad/polymers. Active targeting strategy. Ligands grafted at the 

surface of polymers, which complexed with oncolytic Ad, bind to receptors overexpressed 

cancer cells. After endocytosis, Ad/polymer enters into the endosome, then escape from 

endosome when pH value of endosome becomes acidic.

Choi et al. Page 22

J Control Release. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Tumor microenvironment targeting. At normal physiological condition such as blood, 

oncolytic Ad/pH sensitive polymer complex is stable and deprotonated. PEGylation of pH 

sensitive polymer prolongs blood retention time of the complex and facilitates intratumoral 

accumulation. At acidic tumor microenvironment, pH sensitive complex is protonated and 

net surface charge of the complex becomes cationic and is internalized into the tumor cells 

through charge-mediated internalization.
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Table 1

Advances in oncolytic virotherapy.

Conventional genetic engineering

 Transduction

  Modification of surface proteins with tumor specific markers [5]

  Modification of viral envelope proteins [6]

 Transcription; tumor-specific promoter/enhancer [7–10]

Engineering of Armed OV

 Integration with sequences coding for enzyme, protein, short-hairpin [11]

 RNAs tumor suppressor or suicide genes [12,13]

 Co-stimulatory molecule; CD ligand [14]

 ECM-degrading genes [15–18]

 Immunostimulatory cytokines; interleukin, GM-CSF [19–21]

 Inhibitor of angiogenesis [22,23]

 Increase susceptibility of infected cells to chemo and radiotherapy [24]

 miRNA, siRNA [25,26]

Hybrid engineering

 Tumor-associated antigen (Oncolytic vaccine) [27,28]

 Cell vehicle

  Tumor-infiltrating cells; macrophages, myeloid-derived suppressor cells [29,30]

  MSC [31,32]

  Cytokine gene modified cell [33]

  T cell based [34]

 Co-administration of chemotherapeutics [35–38]

ECM; Extracellular matrix, GM-CSF; Granulocyte macrophage colony-stimulating factor, MSC; Mesenchymal stem cell.

J Control Release. Author manuscript; available in PMC 2016 March 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Choi et al. Page 25

T
ab

le
 2

C
lin

ic
al

 tr
ia

ls
 o

f 
on

co
ly

tic
 A

d.

C
an

ce
r

P
ha

se
A

d 
ty

pe
G

en
et

ic
 c

ha
ng

e
R

ou
te

C
om

bi
na

ti
on

 t
he

ra
py

R
es

po
ns

e
R

ef
.

A
dv

an
ce

d 
Pa

nc
re

at
ic

 c
an

ce
r

I
A

d-
SP

A
M

1 
(V

C
N

-0
1)

E
xp

re
ss

in
g 

SP
A

M
1

IT
G

em
ci

ta
bi

ne
[4

5]

So
lid

 tu
m

or
s

I
IV

G
em

ci
ta

bi
ne

R
ec

ur
re

nt
 G

B
M

I
A

d-
Δ

24
 (

D
N

X
-2

40
1)

R
ep

lic
at

io
n 

on
ly

 in
 c

el
ls

 w
ith

 a
lte

ra
tio

ns
 o

f 
th

e 
R

B
1 

si
gn

al
in

g 
pa

th
w

ay
C

E
D

T
em

oz
ol

om
id

e 
±

 s
ur

ge
ry

[1
9,

45
,5

2]

R
ec

ur
re

nt
 G

lio
bl

as
to

m
a/

G
lio

sa
rc

om
a

I/
II

A
d-

Δ
24

-R
G

D
 (

IC
O

V
IR

®
)

IT
IF

N
-γ

G
lio

bl
as

to
m

a 
at

 f
ir

st
 r

ec
ur

re
nc

e
I

A
d-

Δ
24

-R
G

D
 (

IC
O

V
IR

®
)

IT
T

em
oz

ol
om

id
e

A
dv

an
ce

d 
M

el
an

om
a

I
IC

O
V

IR
-5

IV
–

So
lid

 tu
m

or
s

I/
II

IC
O

V
IR

-5
IP

 (
vi

a 
M

SC
)

–

A
dv

an
ce

d 
so

lid
 tu

m
or

s
I

A
d5

/3
-D

24
-G

M
C

SF
 (

C
G

T
G

-1
02

)
D

ri
ve

 th
e 

lo
ca

l e
xp

re
ss

io
n 

of
 G

M
-C

SF
IT

, I
V

cy
cl

op
ho

sp
ha

m
id

e
[4

0,
46

]

I
IT

–

C
he

m
ot

he
ra

py
-r

ef
ra

ct
or

y 
M

el
an

om
a

II
I

A
d5

/3
-D

24
-G

M
C

SF
A

rm
ed

 w
ith

 G
M

-C
SF

 c
od

in
g

–
SD

, M
R

, P
D

[4
7]

In
te

rm
ed

ia
te

-r
is

k 
Pr

os
ta

te
 c

an
ce

r
II

/I
II

A
d5

-y
C

D
/m

ut
T

K
SR

39
re

p-
A

D
P

2 
cy

to
to

xi
c 

ge
ne

 s
ys

te
m

s;
 C

D
/5

-F
C

 a
nd

 H
SV

-1
 T

K
/

vG
C

V
IT

In
te

ns
ity

 m
od

ul
at

ed
 R

T
x

R
ed

uc
tio

n 
in

 p
os

iti
ve

 b
io

ps
y 

re
su

lts
 

at
 2

 y
rs

[5
1,

53
–5

5]

R
ec

ur
re

nt
 O

va
ri

an
 c

an
ce

r
I

A
d5

/3
-Δ

24
Se

le
ct

iv
e 

re
pl

ic
at

io
n 

w
ith

in
 R

B
-p

16
-d

ef
ic

ie
nt

 tu
m

or
 

ce
lls

IP
SD

, P
D

[5
6]

Sm
al

l c
el

l L
un

g 
ca

nc
er

I/
II

A
d.

p5
3-

D
C

 (
IN

G
N

-2
25

)
p5

3-
m

od
if

ie
d 

A
d-

tr
an

sd
uc

ed
 d

en
dr

iti
c 

ce
ll 

va
cc

in
e

–
[5

0]

R
ef

ra
ct

or
y 

H
ea

d 
&

 N
ec

k 
ca

nc
er

II
I

A
d5

C
M

V
-p

53
 (

IN
G

N
-2

01
),

 A
dv

ex
in

®
A

d-
m

ed
ia

te
d 

p5
3 

ge
ne

 th
er

ap
y

IT
±

C
T

x
±

R
T

x
†s

ur
vi

va
l, 

de
la

ye
d 

pr
og

re
ss

io
n

[5
7,

58
]

H
or

m
on

e-
re

fr
ac

to
ry

 m
et

as
ta

tic
 P

ro
st

at
e 

ca
nc

er
I/

II
A

d5
-O

C
/T

K
 p

lu
s 

V
A

L
O

st
eo

ca
lc

in
 p

ro
m

ot
er

-d
ri

ve
n 

H
SV

 th
ym

id
in

e 
ki

na
se

 
ge

ne
IT

D
oc

et
ax

el
, e

st
ra

m
us

tin
e

[4
8,

49
]

B
la

dd
er

 c
an

ce
r-

fa
ile

d 
B

C
G

-b
as

ed
 im

m
un

ot
he

ra
py

II
, I

II
A

d-
G

M
C

SF
 (

C
G

00
70

)
A

rm
ed

 w
ith

 G
M

-C
SF

Pr
ef

er
en

tia
l r

ep
lic

at
io

n 
in

 R
B

-d
ef

ic
ie

nt
 tu

m
or

s
IV

–
[4

0,
45

,5
9]

L
oc

al
ly

 r
ec

ur
re

nt
 P

ro
st

at
e 

ca
nc

er
I

C
G

70
60

 (
C

V
70

6)
A

d 
w

ith
 P

SA
 p

ro
m

ot
er

–e
nh

an
ce

r 
el

em
en

t t
o 

co
nt

ro
l 

E
1A

 e
xp

re
ss

io
n

IT
R

T
x

PR
; P

SA
 c

on
tr

ol
[5

,4
3,

60
]

M
et

as
ta

tic
, h

or
m

on
e-

re
fr

ac
to

ry
 P

ro
st

at
e 

ca
nc

er
I

C
G

78
70

 (
C

V
78

7)
R

at
 p

ro
ba

si
n-

E
1A

hP
SA

-E
1B

E
3+

IV
–

N
o 

PR
, C

R
[5

,4
3,

44
,6

1]

R
ec

ur
re

nt
 H

ea
d 

&
 N

ec
k 

ca
nc

er
A

pp
ro

ve
d 

(C
hi

na
)

O
N

Y
X

-0
15

, O
nc

or
in

e®
 (

H
10

1)
E

1B
-5

5 
kD

a 
ge

ne
 d

el
et

ed
, t

ar
ge

t p
53

 d
ef

ic
ie

nt
 c

an
ce

r 
ce

lls
IT

C
is

pl
at

in
, 5

-F
U

[5
9,

62
–6

4]

H
ep

at
ob

ili
ar

y 
tu

m
or

II
O

N
Y

X
-0

15
A

d5
/2

, E
1B

-5
5 

kD
a 

ge
ne

 d
el

et
ed

IT
–

[6
5]

M
et

as
ta

tic
 c

ol
or

ec
ta

l c
an

ce
r

I/
II

IV
–

SD
, P

R
[6

1]

L
iv

er
 m

et
as

ta
si

s
I,

 I
I

IV
–

[6
1]

J Control Release. Author manuscript; available in PMC 2016 March 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Choi et al. Page 26
B

C
G

; B
ac

il
lu

s 
C

al
m

et
te

–G
ué

ri
n,

 C
E

D
; c

on
ve

ct
io

n 
en

ha
nc

ed
 d

el
iv

er
y,

 C
T

x;
 c

he
m

ot
he

ra
py

, D
C

; d
en

dr
iti

c 
ce

ll,
 5

-F
U

; 5
-f

lu
or

ou
ra

ci
l, 

G
B

M
; g

lio
bl

as
to

m
a 

m
ul

tif
or

m
e,

 G
M

-C
SF

; g
ra

nu
lo

cy
te

-m
ac

ro
ph

ag
e 

co
lo

ny
-s

tim
ul

at
in

g 
fa

ct
or

, I
P;

 in
tr

ap
er

ito
ne

al
, I

Pl
eu

; i
nt

ra
pl

eu
ra

l, 
IT

; 
in

tr
at

um
or

al
 in

je
ct

io
n,

 I
V

; i
nt

ra
ve

no
us

, I
V

e;
 in

tr
av

es
ic

ul
ar

, M
SC

; m
es

en
ch

ym
al

 s
te

m
 c

el
l, 

M
R

; m
in

im
al

 r
es

po
ns

e,
 P

D
; p

ro
gr

es
si

ve
 d

is
ea

se
, P

R
; p

ar
tia

l r
es

po
ns

e,
 R

B
; r

et
in

ob
la

st
om

a 
si

gn
al

in
g 

pa
th

w
ay

, R
T

x;
 r

ad
ia

tio
n 

th
er

ap
y,

 S
D

; s
ta

bl
e 

di
se

as
e.

J Control Release. Author manuscript; available in PMC 2016 March 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Choi et al. Page 27

T
ab

le
 3

Su
m

m
ar

y 
of

 o
nc

ol
yt

ic
 A

d/
po

ly
m

er
s 

w
hi

ch
 w

er
e 

co
m

pl
ex

ed
 b

y 
ch

em
ic

al
 c

on
ju

ga
tio

n 
an

d 
el

ec
tr

os
ta

tic
 in

te
ra

ct
io

n.

M
et

ho
ds

P
ol

ym
er

O
nc

ol
yt

ic
 a

de
no

vi
ru

s
E

ff
ic

ac
y

A
pp

lic
at

io
n

R
ef

.

C
he

m
ic

al
 c

on
ju

ga
tio

n
PE

G
A

d-
G

L
•

M
or

e 
po

te
nt

 a
nt

itu
m

or
 e

ff
ec

t a
nd

 le
ss

 h
ep

at
ot

ox
ic

ity
 b

y 
20

-k
D

a 
PE

G
yl

at
ed

 
on

co
ly

tic
 A

d 
th

an
 5

-k
D

a 
PE

G
yl

at
ed

 o
nc

ol
yt

ic
 A

d
In

 v
it

ro
 a

nd
 in

 v
iv

o
[8

2]

A
B

P
Y

K
L

-1
00

1
•

In
cr

ea
se

d 
bl

oo
d 

ci
rc

ul
at

io
n 

tim
e 

an
d 

sa
fe

ty
 p

ro
fi

le
s

•
E

nh
an

ce
d 

an
ti-

tu
m

or
 th

er
ap

eu
tic

 e
ff

ic
ac

y 
th

an
 c

og
na

te
 c

on
tr

ol
 in

 h
ep

at
om

a 
xe

no
gr

af
t m

od
el

In
 v

it
ro

 a
nd

 in
 v

iv
o

[7
6]

E
le

ct
ro

st
at

ic
 in

te
ra

ct
io

n
R

ed
uc

ib
le

 P
E

I
R

dB
/s

hM
et

•
E

nh
an

ce
d 

tr
an

sd
uc

tio
n 

ef
fi

ci
en

cy

•
In

cr
ea

se
d 

vi
ra

l e
nt

ry
 a

nd
 p

ro
du

ct
io

n

In
 v

it
ro

[9
1]

B
ile

 a
ci

d 
co

nj
ug

at
ed

 
PE

I
K

O
X

•
E

nh
an

ce
d 

an
ti-

tu
m

or
 th

er
ap

eu
tic

 e
ff

ic
ac

y 
an

d 
an

ti-
an

gi
og

en
ic

 e
ff

ec
t t

ha
n 

co
gn

at
e 

co
nt

ro
l v

ir
us

In
 v

it
ro

 a
nd

 in
 v

iv
o

[9
2]

PA
M

A
M

E
1/

A
FP

-E
3/

N
IS

•
Sy

ne
rg

is
tic

 th
er

ap
eu

tic
 e

ff
ec

t b
y 

co
m

bi
ni

ng
 o

nc
ol

yt
ic

 A
d 

an
d 

th
er

ap
eu

tic
 d

os
e 

of
 13

1 I
In

 v
it

ro
 a

nd
 in

 v
iv

o
[9

6]

PN
L

G
Δ

B
7-

U
6S

hI
L

8
•

Pr
es

er
ve

d 
A

d’
s 

bi
ol

og
ic

al
 a

ct
iv

ity
 a

t 3
7 

°C

•
Si

gn
if

ic
an

tly
 e

nh
an

ce
d 

an
ti-

tu
m

or
 e

ff
ic

ac
y 

th
an

 e
ith

er
 Δ

B
7-

U
6S

hI
L

8 
or

 Δ
B

7-
U

6S
hI

L
8/

A
B

P 
in

 H
T

10
80

 a
nd

 A
54

9 
tu

m
or

 m
od

el
s

In
 v

it
ro

 a
nd

 in
 v

iv
o

[9
7]

PP
SA

D
W

P4
18

•
E

nh
an

ce
d 

tr
an

sd
uc

tio
n 

ef
fi

ci
en

cy
 a

nd
 a

nt
i-

tu
m

or
 e

ff
ic

ac
y 

th
an

 A
d/

A
B

P
In

 v
it

ro
 a

nd
 in

 v
iv

o
[9

8]

J Control Release. Author manuscript; available in PMC 2016 March 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Choi et al. Page 28

T
ab

le
 4

Su
m

m
ar

y 
of

 o
nc

ol
yt

ic
 A

d/
po

ly
m

er
s 

w
hi

ch
 w

er
e 

us
ed

 f
or

 a
ct

iv
e 

tu
m

or
 ta

rg
et

in
g.

P
ol

ym
er

s
T

ar
ge

ti
ng

 li
ga

nd
O

nc
ol

yt
ic

 a
de

no
vi

ru
s

E
ff

ic
ac

y
T

ar
ge

te
d 

ce
ll

R
ef

.

C
D

-P
E

G
-c

R
G

D
cR

G
D

Δ
B

7-
U

6S
hI

L
8

•
G

re
at

er
 a

nt
i-

tu
m

or
 e

ff
ic

ac
y 

th
an

 n
ak

ed
 A

d 
in

 A
54

9 
lu

ng
 o

rt
ho

to
pi

c 
m

od
el

α
β 

in
te

gr
in

 p
os

iti
ve

 c
an

ce
r

[1
10

]

PE
G

-H
E

R
H

er
ce

pt
in

D
W

P4
18

•
H

er
2 

ta
rg

et
ed

 s
pe

ci
fi

c 
tr

an
sd

uc
tio

n 
an

d 
an

tit
um

or
 e

ff
ic

ac
y

H
er

2/
ne

u 
ov

er
ex

pr
es

se
d 

ca
nc

er
[1

14
]

ch
ito

sa
n–

PE
G

–F
A

Fo
lic

 a
ci

d
H

m
T

•
Fo

lic
 a

ci
d 

m
ed

ia
te

d 
an

ti-
tu

m
or

 e
ff

ic
ac

y 
of

 A
d/

po
ly

m
er

 is
 h

ig
he

r 
th

an
 

E
PR

 m
ed

ia
te

d 
de

liv
er

y
Fo

la
te

 r
ec

ep
to

r 
ov

er
ex

pr
es

se
d 

ca
nc

er
[1

16
]

PA
M

A
M

-G
E

11
G

E
11

E
1/

A
FP

-R
SV

/N
IS

•
E

G
FR

 ta
rg

et
ed

 s
pe

ci
fi

c 
an

tit
um

or
 e

ff
ic

ac
y 

by
 c

om
bi

na
tio

n 
of

 p
ol

ym
er

-
co

at
ed

 A
d 

an
d 

13
1 I

E
G

FR
 p

os
iti

ve
 c

an
ce

r
[1

20
]

J Control Release. Author manuscript; available in PMC 2016 March 10.


